Palatable food is known for its ability to enhance reinforcing responses. Studies have suggested a circadian variation in both drug and natural reinforcement, with each following its own time course. The goal of this study was to determine the role of the MT 1 and MT 2 melatonin receptors in palatable snack food-induced reinforcement, as measured by the conditioned place preference (CPP) paradigm during the light and dark phases. C3H/ HeN wild-type mice were trained for snack food-induced CPP at either ZT 6 -8 (ZT: Zeitgeber time; ZT 0 = lights on), when endogenous melatonin levels are low, or ZT 19 -21, when melatonin levels are high. These time points also correspond to the high and low points for expression of the circadian gene Period1, respectively. The amount of snack food (chow, Cheetos®, Froot Loops® and Oreos®) consumed was of similar magnitude at both times, however only C3H/HeN mice conditioned to snack food at ZT 6 -8 developed a place preference. C3H/ HeN mice with a genetic deletion of either the MT 1 (MT 1 KO) or MT 2 (MT 2 KO) receptor tested at ZT 6 -8 did not develop a place preference for snack food. Although the MT 2 KO mice showed a similar amount of snack food consumed when compared to wild-type mice, the MT 1 KO mice consumed significantly less than either genotype. We conclude that in our mouse model snack food-induced CPP is dependent on time of day and the presence of the MT 1 or MT 2 receptors, suggesting a role for melatonin and its receptors in snack food-induced reinforcement.
Introduction
Obesity is a growing health problem within the United States, with over 30% of adults displaying an obese phenotype [1] characterized by a body mass index greater than 30 [2] . Studies have suggested a potential role for "food addiction" as a component of obesity [3, 4] . This push toward classifying certain types of excessive food intake as "food addiction" is supported by studies demonstrating food, particularly palatable foods, interact with the brain in a similar manner to drugs of abuse [2, [5] [6] [7] .
A reinforcer is a stimulus, which increases the probability of an associated behavior occurring again. Food is considered to be a rewarding/reinforcing substance [8, 9] , as evidenced by the fact that mice and rats will work to obtain food in an operant conditioning paradigm and food-paired with a distinct contextual cues will result in the formation of a place preference. The rewarding/reinforcing properties of food can be altered by taste, texture, and/or palatability [10] . For humans one type of food considered to have elevated reinforcing properties are "snack foods," which refers to a subset of commercially produced highly palatable foods [11] . Using the definition of "snack foods" proposed by Hess et al., these foods are "energy-dense, nutrientpoor foods high in sodium, sugar, and/or fat" [12] . Ingestion of these foods has markedly increased [13, 14] and is suggested to be a contributing factor in the elevated incidence of obesity [11, 15] . The brain reward pathways play an important role in food intake behavior, particularly the dopamine system and μ opioid system [2] . Within the reward pathway food and food-related cues activate numerous areas including the striatum and ventral tegmental area, as well as other structures [16] [17] [18] . In contrast food and food-related cues decrease activation of the lateral and medial habenula [18] .
Recent studies have demonstrated that while both natural reinforcement and drug reinforcement display a diurnal variation, they exhibit different times of maximum and minimum sensitivity [19] . This suggests the reward pathway may be preferentially primed for natural vs. drug reinforcement at various times, which in turn suggests susceptibility to regulation by a circadian hormone and/or molecule. The circadian molecule, melatonin, is released from the pineal gland with elevated levels at night and the low levels during the day [20] . Melatonin exerts its effects through action at two G protein-coupled receptors, termed MT 1 and MT 2 [21] . Studies in our laboratory have linked deletion of either the MT 1 (MT 1 KO) or MT 2 (MT 2 KO) melatonin receptor to a complete abrogation of methamphetamine-induced reinforcement, as quantified by the conditioned place preference paradigm (CPP) [22] . Accordingly, the melatonin receptors are located throughout the brain including areas of the reward pathway such as the nucleus accumbens [23] , ventral tegmental area [23] , substantia nigra reticulate [24] , hippocampus [25] [26] [27] , and habenula [28] . Furthermore, suppression of melatonin has been linked to obesity and metabolic syndrome [29] , suggesting melatonin may be a prime candidate for modulating food intake and reinforcement.
The goal of this study was first to assess the potential diurnal variation in snack food-induced CPP and the role of the melatonin receptors (MT 1 and MT 2 ) in this behavior. The CPP paradigm works as a model of classical conditioning by pairing a reinforcing stimulus with a previously neutral set of environmental cues, in the form of wall color and floor texture. Following multiple pairings, the reinforcing properties of the stimulus are transferred to the previously neutral environmental cues resulting in increased time spent in the compartment where the reinforcer was provided [30] . This paradigm has frequently been used to assess the reinforcing properties of drugs of abuse [19, 22, 30] as well as natural reinforcement such as food [11, 31, 32] .
Here, we demonstrate snack food-induced place preference in C3H/ HeN mice was dependent on time of day and on the presence of the MT 1 and MT 2 melatonin receptors. Snack food induced a statistically significant place preference in wild-type mice when provided during the light period (ZT 6 -8), however this preference was abrogated during the dark period (ZT 19 -21), when melatonin levels are elevated. Furthermore, deletion of either melatonin receptor (MT 1 or MT 2 ) resulted in a complete abrogation of place preference during the light phase.
Materials and methods

Animals and husbandry
C3H/HeN (104 males) mice were bred and maintained in the Laboratory Animal Facility at the University at Buffalo. Wild-type C3H/ HeN mice and C3H/HeN mice homozygous for receptor deletions of the MT 1 melatonin receptor (MT 1 KO) or MT 2 melatonin receptor (MT 2 KO) were generated in our former laboratory at Northwestern University by backcrossing C57Bl/6J MT 1 KO mice (donated by Dr. Steven Reppert; Massachusetts General Hospital, Boston, MA, USA) and C3H/HeN MT 2 KO mice (donated by Dr. Steven Reppert; Massachusetts General Hospital, Boston, MA, USA) [33] [34] [35] with C3H/HeN mice (Harlan/Envigo, Indianapolis, IN, USA) as previously described [22, 36, 37] .
Mice were maintained in humidity and temperature-controlled (22 ± 1°C) rooms with food (Harlan Teklad 2018sx) and water provided ad libitum prior to the onset of the experimental protocol. All animal procedures were approved by the University at Buffalo Institutional Animal Care and Use Committee and adhered to the National Institutes of Health guidelines.
Male mice were group-housed (3 -5 per cage) at weaning and maintained in a 14 h: 10 h light/dark cycle, with 150-200 lux light illumination at the level of the cage. Animals were housed in standard polycarbonate cages (30 × 19 cm) with corncob bedding. To maintain consistency with previous studies in our laboratory examining methamphetamine-induced place preference mice were switched to a 12 h: 12 h light dark cycle within ventilated, light-tight cabinets at 4-7 weeks of age and 10-14 days prior to experiment onset.
Food preparation
Food was chosen based on previous papers detailing the reinforcing effects through the CPP paradigm [11] . Wild-type mice were randomly assigned to three groups: "chow," "snack," or "no food." The "chow" group received chow only (Harlan Teklad 2018sx); the "snack" group received a mixture of equal parts chow, Oreos ®, Cheetos ® and Froot Loops ®, and the "no food" group did not receive any food during the conditioning session. Foods for the snack food group were chosen based on their ability to induce place preference in the literature [11, 32, 38] . The nutritional characteristics of the foods used are described in Table 1 . Based on the results obtained from the wild-type mice at ZT 6 -8, all subsequent testing (wild-type mice at ZT 19 -21, MT 1 KO mice at ZT 6 -8, and MT 2 KO mice at ZT 6 -8) were only divided into the "snack" and "no food" groups.
Video tracking system and apparatus
Mouse location and distance traveled in the CPP apparatus were monitored by TopScan (CleverSys Inc, Reston, VA, USA) video tracking software as previously described [22] . Briefly 8 testing chambers were monitored via top-view imaging provided by four Sony video cameras. Chambers were placed upon a light panel with the ability to emit white light (daytime studies: ZT 6 -8) or infrared light (nighttime studies: ZT 19 -21). Each chamber consisted of two choice compartments measuring 15 × 15 × 25 cm with distinct contextual cues (wall color and floor texture) and one neutral central compartment measuring 10 × 15 × 25 cm. Compartments were separated via guillotine door.
Experimental design
Experiments were conducted at two time points representing the peak and trough of melatonin production in wild-type C3H/HeN mice ( Fig. 1 ) [39] . In MT 1 KO and MT 2 KO experiments were only conducted during the light phase, as no diurnal variation in preference was observed in previous studies examining methamphetamine CPP in these mice. Daytime experiments, representing the trough of melatonin production, were performed from Zeitgeber time (ZT) 6 -8 (ZT 0 = lights on). Nighttime experiments, representing the peak of melatonin production, were conducted from ZT 19 -21 ( Fig. 1) . For all experiments mice were moved into the testing room one hour prior to test onset. A new cohort of mice was used for each experiment and treatment group.
One week prior to experiment onset mice were individually housed, with food and water provided ad libitum. Mice were weighed daily, for 7 days; this was averaged together to establish the initial baseline weight. Mice were handled and received enough food (chow, Oreos®, Cheetos ® and Froot Loops ®) to maintain 90% free feeding weight, during the three days prior to the initiation of the experimental protocol ( Fig. 1) . This was done in order to acclimate mice to the experimental food.
The CPP paradigm consisted of nine days of testing ( Fig. 1 ). Day 1 and Day 2 consisted of a 20-min habituation and Pre-CPP test respectively. Habituation was used to eliminate chamber novelty, while Pre-CPP was used to establish initial compartment bias. The conditioning period took place from Day 3 to Day 8. Mice were confined to one compartment for each 60-min daily conditioning session. Mice were confined to their initially least preferred compartment on Days 3, 5, and 7, as determined by the Pre-CPP (Day 2) and received chow, snack (chow, Oreos®, Cheetos®, and Froot Loops®), or no food. Mice were confined to their initially most preferred compartment on Days 4, 6, and 8 and received no food. The amount of food consumed during the [28] [29] [30] [31] [32] [33] [34] [35] test was measured on Days 3, 5, and 7. Mice were provided with an appropriate amount of chow to maintain 90% free-feeding weight in their home cages after lights-off. Day 9 consisted of the 20 min Post-CPP. From this session the place preference score was calculated by subtracting the Post-CPP time spent in the initially preferred compartment from the Post-CPP time spent in the opposite compartment, where food was presented in the chow and snack groups.
Mice were excluded for spending greater than 80% (960s) of the test in any given compartment during the Pre-CPP (Day 2) or for excessive jumping out of test chambers during conditioning. Of the total 64 C3H/ HeN wild-type mice tested at both ZT 6 -8 and ZT 19 -21, 4 were excluded based on these criteria. Similarly, 4 of 16 MT 1 KO mice and 8 of 24 MT 2 KO were also excluded.
Statistical analysis 2.5.1. CPP
Post-CPP data for the whole 20-min post-test were analyzed by oneway analysis of variance (ANOVA) followed by Bonferroni post-hoc tests for the wild-type mice at ZT 6 -8. Student t-test was used to compare knockout mice data at ZT 6 -8 and wild-type data at ZT 19 -21. Analyses were conducted using GraphPad Prism v. 6.01 (GraphPad Software Inc., LaJolla, CA). For all analyses p < 0.05 was considered statistically significant.
Food consumed
Food consumed (g) during the conditioning phase was measured for Days 3, 5, and 7. Data were analyzed by one-way analysis of variance (ANOVA) followed by Bonferroni post-hoc tests for wild-type mice at ZT 19 −21 as well as MT 1 KO and MT 2 KO mice at ZT 6 -8. For the wildtype mice at ZT 6 -8 data were analyzed by two-way repeated measures ANOVA, with the within subjects factors being day and the between subjects factor being treatment. This was followed by Bonferroni post-hoc tests.
Results
Assessments of place preference were systematically conducted between ZT 6 -8 and ZT 19 -21, corresponding to the peak and trough of melatonin respectively [39] . Additionally these time points correspond to trough (ZT 6 -8) and peak (ZT 19 -21) levels of food intake in the C3H/HeN mice [40] .
Conditioned place preference
Food-induced CPP was first examined during the light phase (ZT 6 -8) when melatonin levels [39] and food consumption for the C3H mice are at their lowest point [40] . During the light phase wild-type mice receiving no food during the conditioning phase did not display any difference in time spent in the two choice compartments during the 20-min Post-CPP test session ( Fig. 2A; n = 14) . Similarly wild-type mice receiving only chow during the conditioning phase spent approximately equal time in both choice compartments during the Post-CPP test session ( Fig. 2B; n = 14) . Conversely, wild-type mice receiving snack food during the conditioning phase displayed a significant increase in time spent in the food-paired compartment compared to the compartment paired with no food (Fig. 2C ; n = 13, p < 0.01). Place preference scores were calculated by subtracting time spent in the initially most preferred compartment (no food presented) from time spent in the initially least preferred compartment (food presented in the chow and snack groups) during the Post-CPP test. Mice provided the snack food mixture displayed a strong preference score compared to the no food group ( Fig. 2D ; F [2,38] = 8.066, p < 0.01).
Snack food-induced CPP during the dark phase (ZT 19 -21), when melatonin levels [39] and food consumption for the C3H mice are at A: Experiments for wild-type mice were conducted at two time points during the light/dark cycle, ZT 6 -8 during the light phase and ZT 19 -21 during the dark phase. These two time points correspond to the lowest and highest levels of melatonin, respectively [39] . Experiments for MT 1 KO and MT 2 KO mice were conducted only at ZT 6 -8. B-D: For each experiment a new cohort of mice was used. All mice were subjected to a general experimental time line consisting of three days of handling prior to the onset of the experiment. Day 1 (Habituation) and Day 2 (Pre-CPP) consisted of free access to the entire test chamber for 20 min in order to eliminate novelty. Time spent in each choice compartment during the Pre-CPP was used to determine the initial compartment preference. Days 3-8 consisted of 60 min daily conditioning sessions during which mice were confined to one choice compartment. On Days 3, 5, and 7 mice were confined to their initially least-preferred compartment and received either no food, chow, or snack based on their group assignment. On Days 4, 6, and 8 mice were confined to their initially most-preferred compartment and received no food. Day 9 (Post-CPP) consisted of free access to the entire test chamber for a 20 min test session to determine final compartment preference.
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Behavioural Brain Research 343 (2018) [28] [29] [30] [31] [32] [33] [34] [35] their peak [40] , was subsequently examined. Wild-type mice receiving no food during the conditioning phase displayed no significant differences in time spent in either compartment ( Fig. 3A ; n = 10). Similarly, mice receiving snack food during the conditioning phase spent approximately the same amount of time in the compartment paired with snack food as the compartment paired with no food ( Fig. 3B ; n = 9). Preference scores for both groups were not significantly different from each other, suggesting a preference for the snack food was not formed (Fig. 3C) . Next the role of the MT 1 and MT 2 melatonin receptors in food-induced place preference was assessed. Place preference for MT 1 KO and MT 2 KO mice was assessed at ZT 6 -8, as no diurnal variation in preference was determined in previous studies involving these mice [22] . No differences in the time spent in either compartment were observed for the MT 1 KO mice provided no food ( Fig. 4A ; n = 5) or snack food ( Fig. 4B ; n = 7) when examined over the whole 20-min test session. This pattern was similar to that observed in MT 2 KO mice, as mice provided with no food (Fig. 4D ; n = 8) or snack food (Fig. 4 E ; n = 8) did not show any statistically significant differences in time spent in either compartment. Preference scores for MT 1 KO and MT 2 KO mice ( Fig. 4C and F) showed no differences between the no food and snack food groups.
Food consumed
The food consumed throughout conditioning was assessed by within-group comparisons between subsequent days of food presentation. Wild-type mice provided with chow or snack food during the light phase, significantly increased the amount of food consumed during testing from Day 3 to Day 5 and Day 5 to Day 7 ( Fig. 5C) . MT 2 KO mice however displayed a similar patter of escalation in food intake as observed in the wild-type during the light Fig. 2 . Effect of Chow or "Snack" on Food-Induced Place Preference During the Light (ZT 6 -8) Phase. Time spent in each compartment during Post-CPP was measured across the whole 20-min test session for the wild-type mice following treatment with no food (A: n = 14), chow (B: n = 14) or snack food (C: n = 13). CPP scores were calculated by subtracting time spent in the initially preferred compartment (no food presented) from time spent in the initially nonpreferred compartment (food presented in chow and snack groups) (D). Data represent mean ± S.E.M. of time (s) spent in each compartment or as mean ± S.E.M of CPP score (s). Compartment duration was compared using Student t-test. *p < 0.05 when compared to other compartment. CPP scores were compared using one-way ANOVA, with a main effect of treatment indicated by the p value in the upper left corner. *p < 0.05 when compared to no food group (Bonferoni posttest). s: second; n.s.: non-significant. . Wild-type mice tested at ZT 6 -8 were divided into a chow group receiving chow only (Harlan Teklad 2018sx) and a snack group receiving a mixture of chow, Oreos, Cheetos, and Froot Loops. Wild-type mice tested at ZT 19 − 21 as well as MT 1 KO and MT 2 KO mice tested at ZT 6 -8 received the snack mixture. Effect of treatment was compared using two-way ANOVA for the wild-type mice at ZT 6 -8 (A). One-way ANOVA was used to compare effect of treatment for wild-type mice at ZT 19 -21 (B) as well as the MT 1 KO (C) and MT 2 KO (D) mice at ZT 6 -8. Bars represent the mean ± S.E.M. of food consumed in grams. *p < 0.05 when comparing food consumed between treatment days; @ p < 0.05 when comparing between treatment groups. (Fig. 5D , p < 0.05).
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28-35 phase, with a significant increase occurring on Day 5 vs. Day 3 and Day 7 vs. Day 5
Discussion
Melatonin receptors and time of day play an important role in modulating the reinforcing properties of food, specifically palatable snack food. Here we demonstrated that the maximal effect of food-induced CPP was observed during the light phase (ZT 6 -8), but not during the dark phase (ZT 19 -21) , potentially through an MT 1 or MT 2 dependent effect. These findings suggest a role for a circadian component, likely an oscillator or signaling molecule, in food-induced reinforcement. Prospective candidates for such a role could include melatonin, its receptors, and/or clock genes.
This study represents the first demonstration of snack food-induced place preference in C3H/HeN mice, though this strain has previously been used to examine the reinforcing properties of several drugs of abuse [22, 41, 42] . Wild-type mice developed a significant place preference for snack food during the light phase (ZT 6 -8), but not the dark phase (ZT 19 -21) . Interestingly this corresponds to the time periods associated with the trough and peak of melatonin [39] . Furthermore, this is similar to what has been observed in studies examining place preference for cocaine [41, 43] and methamphetamine [22] , suggesting a similar mechanism may be governing the diurnal variation in drug and natural reinforcement.
One potential mechanism underlying the observance of a place preference at ZT 6 -8 and not at ZT 19 -21, would be the difference in the presence of a reward prediction error. Reward prediction errors are thought to support new learning by strengthening the association between a reinforcer and the cues preceding its presentation [44] . Unexpected or unpredicted reinforcers generate a positive prediction error, while an expected or predicted reinforcer does not generate a prediction error. As our mice only display a place preference during their inactive phase, when food would normally not be consumed, it is possible the presentation of food, particularly snack food, at this time results in the generation of a positive prediction error thus strengthening the association between the presence of the reinforcer and the compartment in which it was presented. In contrast, presentation of snack food during the active phase of the mouse, when food would normally be consumed, would likely either not result in a reward prediction error or would result in one to a lesser degree, thus not supporting the formation of a place preference.
The diurnal variation observed in the wild-type mice in our studies is likely not caused by an alteration in the amount of food consumed at the two time points examined. Although mice at ZT 6 -8 provided with chow consumed significantly less food than mice receiving snack food at either time of day, there were no differences in snack food consumption between the two times of day. Indeed mice displayed similar consummatory behavior during both time periods tested.
The melatonin receptors play an important role in snack food-induced CPP, with deletion of either receptor at ZT 6 -8 resulting in an abrogation of place preference. For the MT 1 KO mice this lack of preference may be partially accounted for by the difference in the amount of food consumed during the conditioning. MT 1 KO mice consumed significantly less snack food throughout conditioning than the wild-type mice, suggesting this food may not have had the same positive reinforcement for this genotype. In contrast, there were no differences observed for the amount of snack food consumed between the wild-type and MT 2 KO mice. During conditioning the increase in snack food intake with each subsequent exposure is similar to that observed in a sensitized response. Wild-type mice and MT 2 KO mice show such an elevation, with significantly more food consumed on Day 7 compared to Day 3. Interestingly, previous studies have demonstrated an abrogation of methamphetamine sensitization in mice lacking the MT 1 receptor [45] . This is in accordance with the MT 1 KO mice being the only genotype to not display an increase in food intake throughout the conditioning phase. Furthermore, deletion of the MT 1 receptor has been associated with anhedonia, as evidenced by decreased performance in a sucrose consumption test [46] and depressive-like behavior, as evidenced by a significant increase in immobility in the forced swim test [47] . Overall these data suggest a potentially altered reward pathway associated with deletion of the MT 1 receptor.
Recent studies in vivo have demonstrated the formation of MT 1 /MT 2 heterodimers, which signal through a different pathway than the MT 1 or MT 2 homodimers [48] . If these heterodimers represent the necessary component behind place preference expression in the wild-type mice, deletion of either receptor would disrupt heterodimer formation and thus could account for the lack of CPP observed in the MT 1 KO and MT 2 KO. Although the exact contributions of melatonin receptor heterodimers vs. homodimers in the modulation of reinforcing behaviors have yet to be elucidated, this represents an important area of future study.
Several studies have tied CPP for food, specifically snack foods, to the opioid system with the opioid receptor antagonist naltrexone dosedependently inhibiting place preference [11, 49, 50] . Melatonin has been tied to the opioid system through studies examining morphine CPP. In particular one study showed systemic or intracerebral administration of melatonin in mice abrogates the expression of morphineinduced CPP in a dose dependent manner [51] . Therefore, it is possible the abrogation of place preference for food observed at night could be attributed to melatonin's action within the opioid system. Furthermore, this study showed that melatonin's ability to abrogate morphine-induced CPP was reversed through treatment with luzindole or the selective MT 2 antagonist K185 [51] . Together these results suggest that melatonin abrogates the formation of a place preference for morphine through the MT 2 receptor [51] . The importance of the MT 2 receptor in the formation of place preference in this model could potentially implicate this receptor as an important contributor for our food-induced place preference as well.
The suppression of CPP observed during the dark phase could be attributed to the functional effects of Period 1 (PER1), a circadian protein, which is elevated during the light phase peaking around ZT 5 and reaches its lowest levels during the dark phase between ZT 17 -21 [52] . Studies have shown palatable foods, such as chocolate, are able to induce expression of PER1 in corticolimbic structures [53] . This is similar to what is observed following acute methamphetamine treatment [54] . This is of interest as PER1 expression has been shown to be essential for the expression of CPP to addicting substances such as cocaine [43] . Furthermore, altered PER1 phosphorylation results in an altered pattern of food intake and an obese phenotype in mice [55] . The lack of preference observed in our studies corresponds to the trough in PER1 rhythmicity. Interestingly melatonin has been shown to down-regulate PER1 through the MT 1 receptor [56] . Therefore, it is possible our MT 1 KO mice have an altered pattern of PER1 expression compared to the wild-type mice. In fact Per1 rhythmicity is completely abolished in the suprachaismatic nucleus of these mice, leading to a continuous low level of PER1 that in turn likely abrogates place preference [57] .
Another circadian gene, which could be contributing to the abrogation in preference, is Clock. Deletion of this gene has been associated with an increase in place preference for cocaine [58] . Interestingly deletion of the MT 2 melatonin receptor results in altered Clock gene expression in the suprachiasmatic nucleus [57] . This altered expression in the MT 2 KO mice could change the period of sensitivity for reinforcing substances in these mice, thus resulting in the abrogation of preference observed at the time points we examined. Further studies should determine the alterations of rhythmic Per1 and Clock expression within areas of the reward pathway.
Conclusions
This study demonstrated a diurnal variation in place preference for snack food in C3H/HeN mice, with snack food reinforcement observed during the light phase but not the dark phase. The lack of food preference at night in the wild-type mice could potentially result from the action of melatonin within the opioid system or through regulation of clock gene expression, particularly PER1. Furthermore, this study demonstrated for the first time that the MT 1 and MT 2 melatonin receptors are necessary for the expression of snack food-induced CPP in the C3H/ HeN mice during the light phase. Together these results suggest a link between melatonin and its receptors as regulators of reinforcing properties of natural stimuli. Therefore, further examination of this system may help elucidate mechanisms by which food, particularly snack food, induces reinforcement in humans.
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